INTRODUCTION
Rice (Oryza sativa L.) was the first cereal to get a fully assembled, well-curated 389 Mbp genome (International Rice Genome Sequencing Project 2005) . The availability of such a genome has made the understanding of the rice genetics, and detection of genotypic variations a much easier task (Jackson, 2016) . The first map-based sequencing of rice was done using the japonica rice cultivar "Nipponbare", and since nearly 3000 accessions including both indica and japonica types from all over the world have been sequenced, and are publicly available through the 3K Rice Genomes Project (Li et al., 2014) : a wealth of information important for the assessment of existing genetic diversity, and for the discovery of novel alleles.
Bacterial leaf blight (BLB) caused by Xanthomonas oryzae pv. oryzae (Xoo) is one of the most devastative diseases in rice with the potential of causing ~50 -80% crop loss under severe epidemics (Mew, 1993; Huang et al., 1997; Deshmukh et al., 2017) . In the rice genome more than 40 genes conferring resistance against BLB has been identified (DillaErmita et al., 2017) . Among them theresistance allele of Xa21 is unique as it is known to deliver the highest degree of stable and broad-spectrum resistance against a diverse range of Xoo strains (Ikeda et al.,1990; Khush et al., 1991) . The Xa21 was introgressed in to the modern rice varieties from the rice wild relative Oryza longistaminata, and is physically mapped to the rice chromosome 11 (Ronald et al., 1992) . The Xa21 was cloned and characterized as a gene coding for a receptor kinase-like protein (Song et al., 1995) , and is involved in plant pathogen recognition, and activation of defense responses (Century et al., 1999; Gnanamanickam, 1999) . Initially it was proposed that the nuclear localization signal (NLS) of the cytoplasmic domain of XA21 was the key to Xa21-mediated immune responses (Park and Ronald, 2012) . However, through transgenic lines containing an alanine substitution at the NLS of XA21 kinase domain developed through site-directed mutagenesis the earlier theory on the significance of NLS in expression of the resistant phenotypes were dismissed (Wei et al., 2016) . Recently, it was proposed that even in the absence of a functional kinase domain, the ectodomain of XA21,and its recognition of RaxX (Xa21-mediated immunity X protein produced by Xoo) can mediate the expression of a robust immune response (Thomas et al., 2018) .
Domestication of rice has made the genetic structure of cultivated rice (both indica and japonica sub species) undergo genetic enhancements through complex introgressions (Garris et al., 2005; Zhao et al., 2010) . Over the years the evolutionary process has added to the genetic diversity through mutations, and natural selection. Haplotype analysis is a platform to understand and estimate the genetic diversity. Haplotypes are genomic sequence variants, which co-occur along a single chromosome/ a single parent (Snyder et al., 2015) . The inherited genetic variations have created diversity among these haplotypes, and the assessment of the existing diversity into haplotype blocks generates knowledge for effective utilization of the existing rice germplasm. A haplotype analysis will illustrate the genetic patterns in a deeper context with higher precision, and it will assist in crop improvement programs. Further, it is the first step towards grouping accessions in a meaningful manner to workout functional relationships, and design molecular markers to specifically identify the desired haplotypes.
So far, the haplotype diversity has been analyzed for BLB resistance genes Xa4, Xa26, xa25 and xa13 (Bimolata et al., 2015; Zhang et al., 2017; Yu et al., 2018) , however, haplotypes have not been defined for Xa21, the gene conferring the highest stable BLB resistance against a broad-spectrum of Xoo races. Here we report, the defining of genomic haplotypes and protein-types for Xa21 using a diverse rice germplasm collection consisting of 1,341 rice accessions representing 70 countries, and 12 rice subpopulations.
METHODOLOGY

Multiple alignment of Xa21 genomic sequences and haplotype analysis
To identify the genomic variations in the coding sequence (CDS) of Xa21, and to define genomic haplotypes, a 2,748-bp CDS was retrieved from the 3000 Rice Genome Project sequence repositoryat the Rice SNP-Seek Database (Mansueto et al., 2016;  http://snp-seek.irri.org) for a panel of 2,896 rice accessions, using the position of Xa21 in the Oryza sativa subsp. japonica genomic reference line "Nipponbare" (Os11g0569733; synonym LOC_Os11g36180; at position chr11: 21274696.21277443 in IRGSP-1.0 genome assembly). The sequences corresponding to the same region was retrieved from O. sativa subsp. indica genomic reference "Cultivar 93-11" (BGIOSGA033042) from Gramene (Tello-Ruiz et al., 2018;  http://www.gramene.org). The retrieved 2,898 sequences were aligned using multiple alignment feature in ClustalOmega v1.2.0 (Goujon et al., 2010) using UGENE v1.28.1 (Okonechnikov et al., 2012) with manual editing.
In the alignment variable sites (single nucleotide polymorphism (SNP) and insertion/deletion (InDel) sites) with more than 5% occurrence in 2,898 accessions were identified using Geneious v7.1 (Drummond et al., 2011) . Sequences carrying ambiguous nucleotide calls at these identified SNP/ InDel sites were excluded from further analysis. Based on the above selected sites haplotypes were identified using DnaSP v6 (Rozas et al., 2017) . Of the identified haplotypes only the haplotypes that are representing at least1%of the accessions were considered as confirmed haplotypes, and the others were considered as putative haplotypes. For the selected population the haplotype diversity and the nucleotide diversity was calculated using DnaSP v6.
Haplotype networks
In order to understand the relationships of the different haplotypes a haplotype network (of confirmed haplotypes) was constructed using Network v5.0.0.3 (www.fluxusengineering.com) with median-joining calculation method (Bandelt et al.,1999) , an epsilon of zero, an equal weight of 10 and a connection cost criterion (other analysis parameters set as default). The pie-slices of the network diagram were colour coded according to the representative subpopulations based on the information retrieved from the accession passport entries in Rice SNP-Seek Database (Rozas et al., 2017;  http://snp-seek.irri.org).
Protein-type analysis
As an initial step towards identifying the haplotypes that could have an association to the desired phenotypes, protein-types were defined based on the SNP/InDel sites that occurred at the exon. Here, only the SNP/InDel sites leading to non-synonymous mutations were considered after translating the CDS to the respective polypeptide sequence. The translation frame was decided based on the polypeptide sequence of XA21 japonica reference "Nipponbare" (Os11t0569733) and Cultivar 93-11 (BGIOSGA033042) retrieved from Gramene database (Tello-Ruiz et al., 2018 ; http://www.gramene.org).The domains and repeats of the polypeptide chain were identified via UniProt database (https://www.uniprot .org).
RESULTS AND DISCUSSION
The Xa21 plays a vital role in conveying resistance against a wide range of Xoo races, and it is the first BLB resistance gene to get cloned, and characterized (Song et al., 1995) . Even though diversity assessments has been carried out for the Xa4, Xa26, xa25 and xa13 resistance loci (Bimolata et al., 2015; Zhang et al., 2017; Yu et al., 2018) , the genetic diversity of Xa21 remains unknown. To get a well-represented estimation on the genetic diversity, it is important to make assessments based on a larger panel of accessions that represents a wider genetic background. The 3000 Rice Genomes Database presents genomic sequences of rice accessions coming from 86 countries representing 12 subpopulations (Rozas et al., 2017;  http://snp-seek.irri.org). In the current study, we report the assessment of haplotype and protein-type diversity of the BLB resistance gene Xa21, and the haplotype network illustrating their interrelationships using 1,341 rice accessions.
Thirteen confirmed Xa21 haplotypes and nine protein-types
The Xa21 resistance region was originally introgressed in to IR24 variety at International Rice Research Institute(IRRI), Philippines from rice wild relative O. longistaminata, and then subsequently to IRBB21 to be used as a donor of resistance in rice breeding programs (Khush et al.,1989; Ikeda et al.,1990; Khush et al.,1991) . Through map-based cloning, Xa21 resistance gene, originally transferred from O. longistaminata Genebank accession U37133, was identified as undergoing single gene inheritance conferring resistance to BLB (Song et al., 1995; Wang et al., 1996) . In an expression study Peng et al., (2015) , identified Os11g0569733 (synonym LOC_Os11g36180; at position chr11: 21274696..21277443 in IRGSP-1.0 genome assembly) as one of the highly expressed Xa21 genes in resistant lines. The Os11g0569733 comprises of one exon, and codes for a protein with 915 amino acids. So far 13 orthologs and 28 paralogs has been identified for Os11g0569733, with two one: oneorthologs in wild relatives O. longistaminata and Oryza nivara (Monaco et al., 2014 ).
In the current study, 24 polymorphic sites (18 SNP and six InDel sites) were identified in the coding sequence of Xa21. These sites were selected on the basis that their occurrence frequency was more than 5%from an original diverse panel of 2, 898 rice accessions. Based on 24 selected polymorphic sites,only 1,618 rice accessions carrying no ambiguous nucleotide calls at the said 24 sites were selected for further analysis.
Given the availability of the high-throughput sequencing techniques, the diversity assessments have now focused on the genes, considering sequences of multiple individuals (Buckler and Thornsberry, 2002) . Previously such diversity assessments has been conducted for several rice genes and the alleleic haplotypes have been defined,and diversity assessments has been carried out (Garriset al., 2003; de Jong et al., 2011; Lu et al., 2012; Ogiso-Tanaka et al., 2013) . For the BLB resistance locus Xa21 haplotypic analysis, and genetic diversity assessments have not been reported. Here, we report defining of a 126 haplotypes, including 13 confirmed haplotypes (with ≥ 1% occurrence) and 113 putative haplotypes (with ≤ 1% occurrence; 60% singletons) in a panel of 1,618 rice accessions. The confirmed 13 haplotypes were represented in 1,341 rice accessions. The identified confirmed haplotypes are denoted as H1 to H13 (Figure 1) .The highest occurrence frequency of a 33%was reported for H5, followed by H11 with an 18% occurrence frequency. Lowest occurrence was of haplotypes H8 and H9, with an occurrence frequency of 1.5% (Figure 1 The non-synonymous mutations that occur in the CDS will lead to creating diversity at the protein level (Lu et al., 2012) . Based on these non-synonymous mutations it is possible to identify functional protein-types owing to the fact that mutations at functional domains could lead to a conformational change of the protein resulting altered functionality (Lu et al., 2012; Wei et al., 2014; Li et al., 2015) . In the current study, based on 14 such sites with nonsynonymous mutations (10 SNPs and 4 InDel sites) within the CDS, nine protein-types XA21-1 to XA21-9) were identified ( Figure 2 ). Among are three protein-types that were truncated as a result of premature stop codons at position 180 of the polypeptide sequence, created due to a 19-bp InDel in the genomic sequence (position 521-539 on the CDS).The said 19-bp InDel is within the defined exon region of Xa21 genomic sequence of Nipponbare (Os11g0569733), but in the intron 1 of Cultivar 93-11 (BGIOSGA033042).
As a result, the protein gets truncated at the 180 th amino acid that fall over the extracellular domain/ ectodomain. Recently it was reported that the ectodomain of XA21 protein (1-650), and its recognition of RaxX is critical for the immune responses (Pruitt et al., 2015; Thomas et al., 2018) . In the truncated proteins only the first 178 amino acids remain. Therefore, it is very likely that these threeprotein-types will result null/pseudo proteins which may not be functional. Of the other six protein-types several had mutations on leucine rich repeats (LRR); LRR4, LRR9, LRR10 and LRR22, and on the NLS. The LRR repeats are previously reported to be associated with disease resistance conveyed via Xa genes (Caddell et al., 2017) , and hence, a mutation in these repeats could alter the function of the gene. Therefore, further studies to verify the identified protein-types through phenotypic assays are recommended. 
A region with high genetic diversity
Based on the passport entries of the accessions in the confirmed haplotpes, country information was available only for 987 accessions, and they represented 70 countries and 12 O. sativa subpopulations (admixture (admix), aromatic (aro), aus, indica (indx, ind2, ind3, ind1A and ind1B) , japonica (japx), subtropical (subtrop), temperate (temp), and tropical (trop); Supplementary File 1 available at https://tar.sljol.info).The aus, indica, and admix subpopulations represents indica subspecies, while temperate, tropical, sub-tropical, aromatic, and admix represents japonica subspecies (Huang et al., 2012; Mccouch et al., 2016) . Highest representation was from the subpopulations indx and trop, each accounting to 17%, followed by temp with a 16% representation. The subpopulations aro and admix was the least represented accounting to 2% of the total (Figure 3 ; Supplementary File 1 available at https://tar.sljol.info). Therefore, the selected panel was a good representative cohort to study the diversity of rice germplasm. High throughput sequencing techniques have resulted information that can be efficiently used to understand the underlying genetic diversity. This is an initial step towards assessing the evolutionary relationships, and sorting of haplotypes that can be used for the benefit of crop improvement programs (Buckler and Thornsberry, 2002) . The haplotype network revealed the relationships of the identified 13 haplotypes (Figure 4 ). The subpopulations indx and admix are the most widely represented in the haplotypes given that they are only absent in H8 and H2, respectively. The least occurring subpopulation is aro, and it is only found in haplotypes H1, H2, H9 and H12.In general, each haplotype is represented by at least 5 subpopulations to 10 subpopulations. The finding indicates that the haplotypes are not specific to a narrow genetic background, but is present in a wider and divergent population. The occurrence of several polymorphic sites between haplotype pairs indicates that the considered region has a high substitution rate. The highest substitution rate was between the H5 and H7, dividing the haplotypes in to two clusters based on the 19-bp InDel in the CDS. These findings indicate that the occurrence of the 19-bp InDel in the CDS pre-dates the structuring of rice in to subpopulations, and no geographic genetic structuring is observed with respect to Xa21. The advancements in the sequencing technologies has made it easier to assess the genetic variations in a DNA fragment representing a locus of interest (Genomics and Lee, 2011) . Predictions made based on several SNPs/ InDel regions that are in linkage disequilibrium called haplotypes, are more effective in reflecting the actual phenotypic groupings than when considering single polymorphic sites (as reviewed by Rafalski, 2002) . The genetic diversity within a population can be assessed based on the haplotype diversity (H) or based on the nucleotide diversity (π). The H (also referred to as the gene diversity) represents the probability of two randomly selected alleles to be different from each other (de Jong et al., 2011) . The π reflects the nucleotide divergence of two individuals with respect to one locus (Buckler and Thornsberry, 2002 ). In the current study, for the considered region among 1,341 rice accessions the H was 0.8203 and π was 0.15448. This indicates a higher genetic diversity in the population considered, and thus, will be a better representation of the existing rice germplasm for defining haplotypes. The reported high H for the CDS is in the range reported by previous research, and the reported π ismoderately high than in previous studies (H = 0.828, π = 0.292 for RSUS3 in rice (Lestari et al., 2011) ; H = 0.6822, π = 0.0188 for RFT1 and H = 0.6292, π = 0.0048 for Hd3a (Ogiso-Tanaka et al., 2013) . This is the first reporting of haplotype and protein-types for the BLB resistance gene Xa21. The analysis reported here reflects the high genetic diversity of Xa21 leading to the identification of confirmed haplotypes. The genetic divergence and the relationships between these haplotypes were established, and based on non-synonymous mutations protein-types were defined. Mutations at important repeats/ domains, and/or creation of truncated proteins were observed in the XA21 polypeptide. Some of these protein-types could be associated with desired resistance phenotypes. Hence, it is recommended to assess the association of resistance response of each protein-type identified in the current study, and develop molecular markers that can effectively screen the desirable haplotypes through markerassisted selection.
CONCLUSIONS
The genetic diversity of the BLB resistance gene Xa21 was assessed for the first time and based on the CDS 13 confirmed haplotypes, 113 putative haplotypes, and nine protein-types were defined based on 24 polymorphic sites identified from 1,618 rice accessions. The CDS of Xa21 carried a relatively high H of 0.8203 and a moderate π of 0.15448, indicating high genetic diversity. The haplotype network indicates that the Xa21 have a high substitution rate. Accessions were categorized in to two clusters based on a 19-bp InDel in the CDS.
